ABSTRACT -To investigate the adaptive response to the environmental electrophile methylmercury (MeHg), we performed DNA microarray analysis of human neuroblastoma SH-SY5Y cells exposed to a sub-cytotoxic dose of MeHg (1 μM) for 6 hr. The expression of 15 genes increased 10-fold or more in response to MeHg. Four of these genes are associated with detoxification and excretion of MeHg into the extracellular space, and are regulated by transcription factor Nrf2 through the electrophile response element. Interestingly, Cullin3, a negative regulator of Nrf2, was identified as a down-regulated gene during MeHg exposure.
INTRODUCTION
Methylmercury (MeHg) is an electrophile that modifies cellular proteins, resulting in enzyme dysfunction and cell damage (Shinyashiki et al., 1996) . We previously reported that MeHg activates NF-E2-related factor 2 (Nrf2), a transcription factor involved in cellular protection against MeHg toxicity in human neuroblastoma SH-SY5Y cells (Toyama et al., 2007 (Toyama et al., , 2011 . Although such a transcription factor is known to cooperatively regulate downstream genes responsible for antioxidant proteins, as well as phase II detoxification enzymes, and phase III transporters (Taguchi et al., 2011) , alterations to the expression of Nrf2-related genes caused by MeHg exposure has not been documented. To address this issue, we performed DNA microarray analysis of SH-SY5Y cells exposed to MeHg.
MATERIALS AND METHODS

Materials and cell culture
MeHg was purchased from Nacalai Tesque (Kyoto, Japan). Human neuroblastoma SH-SY5Y cells were provided by Dr. A. Naganuma (Sendai, Tohoku University, Japan). Cells were cultured in Dulbecco's modified Eagle's medium/Ham's nutrient mixture F-12 with 10% fetal bovine serum, 2 mM L-alanyl-L-glutamine, and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin). Cultured cells were maintained at 37°C in a humidified incubator under an atmosphere of CO 2 (5%) and air (95%). Before treatment, cells were cultured in serum-free medium overnight and then exposed to MeHg in serumfree medium to avoid loss of the MeHg effect through binding to serum components.
Preparation of total RNA and microarray analysis
SH-SY5Y cells were exposed to 1 μM MeHg for 6 hr, washed twice with phosphate buffered saline. Total RNA was extracted and purified from the exposed cells using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Overall changes in gene expression were evaluated using twocolor microarray-based gene expression analysis (Hwang et al., 2011) . Cyanine-3-(Cy3) and Cyanine-5-(Cy5) labeled cRNA were prepared from 100 ng total RNA using a Low Input Quick Amp Labeling Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions. This was followed by RNeasy column purification (Qiagen). After purification, the Cy3-and Cy5-labelled cRNA mixture was fragmented at 60°C for 30 min in a solution containing 1 × Agilent fragmentation buffer and 2 × Agilent blocking agent in accordance with the manufacturer's instructions. Immediately after washing, hybridized slides were scanned with DNA microarray analysis of human neuroblastoma SH-SY5Y cells exposed to methylmercury
an Agilent DNA Microarray Scanner (G2565CA) using the two-color scan setting for 8 × 60 k array slides (scan area: 61.0 × 21.6 mm; scan resolution: 3 μm; dye channel set to green and red; photomultiplier tube set to 100%).
RESULTS AND DISCUSSION
Exposure of SH-SY5Y cells to MeHg (1 μM) for 6 hr did not cause cell death (data not shown). Under the condition, MeHg exposure increased the expression of 1,719 genes and decreased the expression of 2,005 genes in the cells. The expression of 15 genes increased more than 10-fold, and the expression of 10 genes decreased up to 0.12-fold in response to MeHg (Table 1) . Among the genes that are regulated by Nrf2, expression of SLC7A11, HMOX1, NQO1, and ABCC3 was markedly increased. There was slight enhancement in the expression of Nrf2-regulated genes such as UGT1A6 (UDP-glucuronosyltransferase 1-6; 6.8-fold) and GCLC (Glutamate-cysteine ligase catalytic subunit; 2.0-fold) during MeHg exposure (data not shown). It is noteworthy that CUL3 expression was decreased after exposure to MeHg because the gene's Human neuroblastoma SH-SY5Y cells were exposed to 1 μM MeHg for 6 hr and changes in gene expression were assessed by DNA microarray. Genes whose expression increased 10-fold or more or decreased up to 0.12-fold are listed.
product, Cullin3, negatively regulates Nrf2 (Taguchi et al., 2011) . Under basal conditions, Nrf2 undergoes constant ubiquitination by the Cullin3 and Kelch-like ECH-associated protein 1 (Keap1) ubiquitin E3 ligase complex, resulting in its rapid degradation in proteasomes. Once cells are exposed to electrophiles such as MeHg, however, Keap1 is readily modified by electrophiles through reactive thiol groups, thereby stabilizing Nrf2. In a preliminary study, we found that MeHg covalently binds to Keap1 through Cys151, leading to Nrf2 activation in SH-SY5Y cells (T. Toyama et al., unpublished observations) . The present study, therefore, suggests that not only modification of Keap1 but also the down-regulation of Cullin3 are involved in MeHg-mediated Nrf2 activation. To our knowledge, there are no reports describing the reduction of Cullin3 mRNA levels during chemical exposure.
It is obvious that the up-regulation of SLC7A11, HMOX1, NQO1, and ABCC3 by MeHg is attributable to Nrf2 activation. Since SLC7A11 and ABCC3 participate in the uptake of cystine as an essential part of glutathione (GSH) synthesis and MeHg-GSH-adduct excretion into the extracellular space, respectively, the increased expression of these genes through Nrf2 activation is at least partially involved in cellular defense against MeHg.
